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Abstract We put forward a scheme based on reservoir engineering to protect quantum
coherence from leaking to bath, in which we intensely disturb the Lorentzian bath by
N harmonic oscillators. We show that the intense disturbance changes the spectrum
of the bath and reduces the qubit-bath interaction. Furthermore, we give the exact
time evolution with the Lorentzian spectrum by a master equation, and calculate the
concurrence and survival probability of the qubits to demonstrate the effect of the
intense bath disturbance on the protection of coherence. Meanwhile, we reveal the
dynamic effects of counter-rotating interaction on the qubits as compared to the results
of the rotating wave approximation.
Keywords Reservoir engineering · quantum dynamics · Lorentzian spectrum ·
spin-boson model
PACS 42. 50. Ct · 03.65.Yz · 03.67.Mn
1 Introduction
Quantum superposition and entanglement are fundamental concepts in quantum me-
chanics and lead to many interesting results such as Schrödinger’s cat [1]. They also
play an important role in quantum computation and have a large value of applications
in quantum information processing [2,3,4,5]. Actually, it is inevitable to lose quantum
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information and entanglement because of the coupling of a system to a dissipative envi-
ronment. Various approaches have been explored to prolong the quantum information,
such as the quantum control [6,7] and quantum Zeno effect [8,9,10]. The idea of the
quantum control is resorting to a series of strong pulses on the qubits to maintain the
quantum information stored in it. The approach of quantum Zeno effect resorts to a
series of projective measurements on the qubits, and it has been unified with quantum
control [11]. Besides the maintenance of the initial coherence, the steady superposition
states can be produced in the existence of the dissipative environment. This strategy
corresponds to the adjustment of qubit-bath coupling with the help of external laser
[12,13,14], which is known as reservoir engineering.
Till now, the approaches that keep the initial quantum coherence mainly resort
to the operations on the qubits. Then a question arises: can we engineer the bath
to protect the initial coherence? There is a great advantage of engineering the bath
in the coherence protection, for in keeping the multi-qubit coherence, the strategy of
quantum control requires the operations on every qubit, while engineering the bath only
tackles one common bath. Therefore, it is a more economic way to protect the quantum
entanglement. To realize this effect, we may borrow the ideas of quantum control and
Zeno effect, where the qubits need to suffer a sufficiently strong coupling to a bunch
of laser beam or detecting apparatus [15] and the initial coherence is then prolonged.
If an intense disturbance is imposed on the bath, will the quantum information stored
in the qubits be better preserved? We will answer the question in the following.
In this paper, we put forward a scheme based on reservoir engineering to protect
the initial quantum coherence: an intense disturbance to the bath that couples to two
qubits. We describe the disturbance as N harmonic oscillators which quadratically
couple to the bath. The scheme can be realized by both optical and mechanical ways.
For the optical bath, a bunch of Rydberg atoms can be designed to couple to the optical
cavity [16], and the large dipole moment of the Rydberg atoms provides a sufficient
intense coupling. The character frequencies of the optical cavity and Rydberg atoms
are both of GHz. This designation has been used for the single photon detection, while
the process of detection also reacts to the optical cavity and disturbs the bath. For
the mechanical realization, we design a superconducting microwave resonator coupling
to a mechanical cavity [17]. The microwave resonator has been applied for phonon
detection, and it also causes a disturbance to the mechanical cavity. The character
frequencies of nanomechanical resonator and microwave resonator are both of 10-100
MHz. And there are many other optomechanical systems available for the realization
listed in Ref. [17] with the character frequencies ranged from kHz to GHz. As showing
in the following, if the bath disturbance is sufficiently strong, the qubit-bath interaction
will be overwhelmed so that the initial quantum entanglement will be better preserved
in the qubits. We will calculate the time evolution of the qubits to show this effect of
coherence protection.
The qubits along with the bath are modeled as the well known spin-boson model
[18] in which the counter-rotating (CR) interaction plays an important role in quantum
dynamics such as entanglement sudden death (ESD) [3] and entanglement creation
[19]. Recent studies have solved the dynamics beyond the rotating-wave approximation
(RWA) [20,21,22]. In this paper, we choose the Lorentzian spectrum for the bath
because it is corresponding to a damped harmonic cavity as the scheme requires [9,23,
24], and we give the exact dynamics of the spin-boson model by a pseudo-mode master
equation. This master equation has been proved and widely applied in the RWA [23],
and we extend it to the arbitrary form of the spin-boson interaction with Lorentzian
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spectrum. Thus, the effects of the CR terms can be revealed in the comparison to the
previous RWA results.
The paper is organized as follows. In Sect. 2, we give and reduce the Hamiltonian
of the model. The influence of the intense bath disturbance is analyzed. In Sect. 3,
we discuss the existing condition of dark state and provide the exact solutions of the
concurrence and survival probability. The results are presented and compared to show
the effect of intense bath disturbance and the dynamical effects of CR terms. In Sect.
4, we make the conclusions.
2 Model
2.1 Hamiltonian
The model consists of two parts, a two-spin-boson model and the intense bath distur-
bance, an intense coupling from oscillators. Its Hamiltonian in natural unit (~ = c = 1)
reads
H = HSB +HO, (1)
in which the spin-boson Hamiltonian takes the form of
HSB = HS +HB +HI , (2)
HS =
∆
2
(
σ(1)z + σ
(2)
z
)
, (3)
HB =
∑
k
ωkb
†
kbk, (4)
HI = g
∑
j=1,2
αjσ
(j)
x
∑
k
µk
(
bk + b
†
k
)
, (5)
with the qubit frequency ∆, coupling constant g in the unit of frequency and the
normalized real coefficients α21+α
2
2 = 1. Operator σx,z and bk are Pauli matrices and
annihilation operator, respectively. The spectrum is chosen as a standard Lorentzian
type, given by
JB (ω) =
∑
k
µ2kδ (ωk − ω) = 2ω0
pi
2Γω
(ω2 − ω20)2 + (2Γω)2
θ (ω) , (6)
with central frequency ω0, decay rate Γ and step function θ (ω). Here µk is dimen-
sionless.
The disturbance part in Hamiltonian Eq. (1) describes N identical oscillators
quadratically coupling to the bath, which takes the form of
HO =
N∑
n=1
[
1
2m
(pn − eA)2 + mΩ
2
2
q2n
]
, (7)
−eA/√m =
√
2W
∑
k
µk
(
bk + b
†
k
)
, (8)
with oscillation amplitude qn, momentum pn, harmonic frequency Ω, and coupling
intensity
√
ΩW . The increase of either the parameter W or the number of oscillators
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N strengthens the coupling, therefore, we just define I = NW as the total intensity
of the disturbance. The amplitude of cavity field is the same one that couples to the
qubits, and the spectrum in Eq. (8) is the same one in Eq. (5). In strong coupling regime,
(eA)2 term cannot be ignored because it keeps the Hamiltonian positive defined. This
simplest model can be realized by an optical cavity detected by Rydberg atoms [16],
as sketched in Fig. 1. The present notation A just denotes electromagnetic potential,
and the oscillators describe the Rydberg atoms as dipoles.
Fig. 1 (Color online). Sketch of the optical realization for the spin-boson model with intense
bath disturbance.
Besides the optical realization, the model can also be realized by optomechanical
systems [17,25]. Ref. [25] has proposed the scheme that a nanomechanical resonator,
coupled capacitively to an artificial atom, is detected by a superconducting microwave
resonator. In a similar way, we propose that N identical single-mode microwave res-
onators compose a parallel circuit and then couple to a mechanical resonator with
two qubits inside. From the present experimental research [26], we believe that our
scheme can be realized in principle by superconducting quantum circuits. In this case,
Hamiltonian Eq. (7) is mapped to
HO =
N∑
n=1
[
P 2n
2W
+
WΩ2
2
(
Qn − φ
Ω
)2]
, (9)
φ =
√
2
∑
k
µk
(
bk + b
†
k
)
, (10)
with new coordinates Qn = −pn/Ω
√
Wm and momentums Pn = Ω
√
Wmqn. Here
φ/Ω in length dimension (c = 1 used to unify the dimension of time and length) denotes
the phonon field in the nanomechanical resonator, and the N oscillators describe the N
identical single-mode microwave resonators. The Hamiltonian in Ref. [25] is the RWA
form of our Hamiltonian Eq. (9). This mechanical system can be simply illustrated by
springs as Fig. 2 presents. We can see in Fig. 2 that all the springs and the qubits
are parallel connected to the phonon field. The disturbance system, parallel springs,
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generate a total spring coefficient NWΩ2 and a total mass NW = I which can be
seen from Eq. (9). The large inertia I from these springs will restrain the oscillation of
the phonon field φ/Ω so that the phonon field can hardly receive the stimulation from
the decay of the qubits. It means the intense bath disturbance attaches a heavy inertia
to the bath, then the qubit-bath interaction is weakened. Consequently, the qubits are
prevented from decay by this mechanism of reservoir engineering.
Fig. 2 (Color online). Illustration of the mechanism of reservoir engineering.
2.2 Diagonalization and modified spectrum
Now the effect of the intense bath disturbance will be investigated quantitatively. The
quadratic terms of the bosonic operators in the total Hamiltonian can be diagonalized
to normal modes as a new reservoir, namely, [24]
HR = HB +HO =
∑
k
ωkc
†
kck. (11)
At the same time, the amplitude of the cavity field Eq. (10) is re-expressed by
φ =
√
2
∑
k
νk
(
ck + c
†
k
)
(12)
with a new spectrum JR (ω) =
∑
k
ν2kδ (ωk − ω). Thus, the total Hamiltonian repro-
duces the form of the spin-boson model, which reads
H =
∆
2
∑
j
σ(j)z +
∑
k
ωkc
†
kck + g
∑
j
αjσ
(j)
x
∑
k
νk
(
ck + c
†
k
)
. (13)
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The concrete expression of JR (ω) derived in Appendix A is given by
JR (ω) =
2ω0
pi
2Γωθ (ω)(
ω2 − ω20 − 4Iω0ω
2
ω2−Ω2
)2
+ (2Γω)2
. (14)
Thus, if the disturbance is turned off, we choose JB (ω) for the calculation; if it is
turned on, we choose JR (ω). It means that the intense bath disturbance just changes
the spectrum of the bath.
Since the standard Lorentzian spectrum Eq. (6) is usually replaced by the simple
form [24]
JB (ω) =
1
pi
Γ
(ω − ω0)2 + Γ 2
, (15)
the spectrum Eq. (14) can be reduced similarly to the summation of two simplified
Lorentzian types (assuming I is sufficient large to take two peaks apart)
JR (ω) =
∑
r=±
η2r
pi
Γr
(ω − ωr)2 + Γ 2r
, (16)
with the two central frequencies satisfying the equation
ω2± − ω20 − 4Iω0ω2±/
(
ω2± −Ω2
)
= 0, (17)
the decay rates Γ± = Γ
∣∣ω2± −Ω2∣∣ / ∣∣ω2+ − ω2−∣∣, and the intensity modification η2± =
Γ±ω0/Γω±. The appearance of the two Lorentzian peaks results from the two normal
modes generated by the boson-oscillator coupling. To confirm the validity of the sim-
plification, Fig. 3 presents the two expressions of JB (ω), Eq. (6) and (15), as well as
the two expressions of JR (ω), Eq.(14) and (16) for Γ/ω0 = 0.1 and I/ω0 = 0.5, 1.5,
respectively. The dots denote the standard forms and the lines denote the simplified
ones. It is obvious that they agree quite well with each other, so that it is reasonable
to apply the simplified spectrums in the following discussion.
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Fig. 3 (Color online). Original spectrum JB (ω) with its standard (std.) form Eq. (6) and sim-
plified (simp.) form Eq. (15), and JR (ω) with its standard (std.) form Eq. (14) and simplified
(simp.) form Eq. (16), as functions of frequency for Γ/ω0 = 0.1 and Ω/ω0 = 0.8.
The intensity modifications η2±, decay rates Γ±, and central frequencies ω± are
plotted in Fig. 4 as functions of the disturbing intensity I for Γ/ω0 = 0.1. The most
important character is the low intensity η± of both the peaks, which means the spin-
boson coupling is weakened by the intense bath disturbance. Therefore, the decay of
coherence is suppressed and the quantum information will be better preserved in the
qubits. Besides, the x-coordinate starts from 0.3 because a sufficiently large I is required
to separate the two peaks. As the disturbing intensity I increases, the two peaks are
separated more far away from each other, with the left peak gradually approaching
delta function and the decay rate of the right peak gradually tending to Γ .
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Fig. 4 Two central frequencies ω±, decay rates Γ± and intensity modifications η2± of the
modified spectrum as functions of disturbing intensity I for the same Γ,Ω in Fig. 3.
3 Evolution
3.1 Initial state
The vacuum state |0B〉 of the original bath HB is engineered by the intense bath
disturbance to the new vacuum state |0R〉 corresponding to the new reservoir HR. In
this section, we give the evolutions of the qubits in the off-disturbance Hamiltonian
HSB and on-disturbance Hamiltonian H, with the initial product state |ψ (0)〉 =
|ψS〉 ⊗ |0B〉 and |ψ (0)〉 = |ψS〉 ⊗ |0R〉, respectively. Here we choose the respective
vacuum state |0B,R〉 of HB,R, for the cavity is usually cooled near to the temperature
of absolutely zero in reality to reduce the decoherence. At first, we talk about the dark
state which is an eigen-state of the total Hamiltonian so that it does not evolve. From
this definition, we can immediately write down the condition when |ψ (0)〉 is dark:
HS |ψS〉 = E |ψS〉 ,
∑
j
αjσ
(j)
x |ψS〉 = 0. (18)
The right equation means
∑
j
αjσ
(j)
x has eigen-value 0, so that
det
∑
j
αjσ
(j)
x =
(
α21 − α22
)2
= 0, α1 = ±α2. (19)
This condition causes the destructive interference of the two qubits so that the state
does not evolve. While in the RWA case, there always exists a dark state despite the
value of αj , which reads
|ψ−〉 = (−α2 |10〉+ α1 |01〉)⊗ |0B,R〉 . (20)
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However, it is no longer dark in our system if the condition Eq. (19) is not satisfied.
Thus, we just call it subradiant state. Furthermore, we define the superradiant state
[9]
|ψ+〉 = (α1 |10〉+ α2 |01〉)⊗ |0B,R〉 . (21)
The initial state is chosen as their linear combination (zero phase difference for sim-
plicity), which reads
|ψ (0)〉 =
(
cos
Θ
2
|10〉+ sin Θ
2
|01〉
)
⊗ |0B,R〉 . (22)
The evolution of this state for the RWA Hamiltonian has been provided in Ref. [9].
The comparison between the RWA and exact evolutions will be made to reveal the
dynamic effect of the CR terms. And we will also demonstrate the effect of the intense
bath disturbance by comparing the evolutions in Hamiltonians HSB and H.
3.2 Reduced density operator and concurrence
The exact evolution of the reduced density operator for spins, which is derived in
Appendix B by taking advantage of a peculiar property of the Lorentzian spectrum,
is given here. When the intense bath disturbance is turned off, the spectrum has only
one Lorentzian peak. If the initial state takes the form of |ψ (0)〉 = |ψS〉 ⊗ |0B〉, the
reduced density operator for the system is given by ρS (t) = traρ˜ (t), in which ρ˜ (t)
satisfies the pseudo-mode master equation
dρ˜ (t)
dt
=
1
i
[
H˜SB, ρ˜ (t)
]
− Γ
[
a†aρ˜ (t) + ρ˜ (t) a†a− 2aρ˜ (t) a†
]
, (23)
with the initial value ρ˜ (0) = |ψS〉 〈ψS |⊗|0a〉 〈0a|. Here tra eliminates the annihilation
operator a and |0a〉 is its ground state. The replaced Hamiltonian is given by
H˜SB = HS + ω0a
†a+ g
∑
j
αjσ
(j)
x
(
a+ a†
)
, (24)
which becomes a single-mode version of HSB in which the single-mode frequency is the
central frequency of the Lorentzian peak. Since there is one single mode, it is easy to do
the exact numerical calculation. Though the master equation Eq. (23) is the same as
that in Ref. [23] which has been widely used in quantum optics [27], it was proved and
applied only in the RWA. Our proof in Appendix B is based on the expansion of the
decay rate Γ rather than the coupling constant g, therefore, the proof is independent on
the concrete form of spin-boson interaction. Therefore, this master equation is suitable
for a wide classes of Hamiltonian system, as long as the system-bath coupling takes
the Lorentzian spectrum and the bath is initially prepared in the vacuum state.
The pseudo-mode master equation Eq. (23) is straightforwardly extended to the
on-disturbance case when the spectrum splits to two Lorentzian peaks. If the system is
initialized in |ψS〉⊗|0R〉, the reduced density operator is given by ρS (t) = tr+tr−ρ˜ (t),
in which ρ˜ (t) satisfies
dρ˜ (t)
dt
=
1
i
[
H˜, ρ˜ (t)
]
−
∑
r=±
Γr
[
a†rarρ˜ (t) + ρ˜ (t) a
†
rar − 2arρ˜ (t) a†r
]
, (25)
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with the initial value ρ˜ (0) = |ψS〉 〈ψS| ⊗ |0+〉 〈0+| ⊗ |0−〉 〈0−|. Here the notation
tr± traces over the annihilation operator a±, respectively, and |0±〉 is the respective
ground state. The replaced Hamiltonian is given by
H˜ = HS +
∑
r=±
ωra
†
rar + g
∑
j
αjσ
(j)
x
∑
r=±
ηr
(
ar + a
†
r
)
. (26)
It is the two-mode version ofH, in which the two coupling constants are gη±. As master
equation Eq. (25) implies, the time evolution is dominated by the modified coupling
intensities gη± and decay rates Γ±. Since the qubit-reservoir coupling constants gη±
are reduced by the intense bath disturbance (see Fig. 4), quantum information stored
in the qubits is prevented from leaking into the reservoir. Therefore, the intense bath
disturbance protects the quantum coherence.
Till now, we start to investigate the decay and preservation of quantum entangle-
ment. Concurrence is the magnitude measuring the extent of entanglement [28]. Since
the density operator takes X-form, the concurrence has a simple expression which reads
[19]
C = 2max (0, |ρ23| − √ρ11ρ44, |ρ14| − √ρ22ρ33) , (27)
where ρij is the matrix elements of the reduced density operator ρS . The evolution of
concurrence in resonance case (∆ = ω0) is presented in Fig. 5 for two sets of parameters,
dark-state-existing α1 = α2 = 1/
√
2 (Figs. 5 (a)-(c)) and dark-state-disappearing
α1 = 1, α2 = 0 (Figs. 5 (d)-(f)), in which the results of the off-disturbance, on-
disturbance, and the RWA are shown for comparison.
Fig. 5 (Color online). Concurrence as functions of time t and initial-state parameter Θ for
α1 = α2 = 1/
√
2 in the off-disturbance (a), on-disturbance (b) and the RWA (c) cases,
respectively. Concurrence for α1 = 1, α2 = 0 in the off-disturbance (d), on-disturbance (e) and
the RWA (f) cases, respectively. Parameters are set for ∆/ω0 = 1, g/ω0 = 0.5, I/ω0 = 1.5,
and Γ,Ω are the same ones in Fig. 4.
Firstly, we demonstrate the roles of the CR terms on the time evolution of con-
currence by the comparison of the exact off-disturbance result (Figs. 5 (a) and (d))
with the RWA results (Figs. 5 (c) and (f)). We find their structures of time evolution
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are totally different, for the concurrence with the CR terms decays very quickly down
to zero at and does not revive any more. This phenomenon is called ESD. While in
the RWA case, we find the ESD does not occur. This is because the RWA interaction
forbids the spin state jumping to |11〉, confining the quantum information in a much
smaller subspace, so that it reduces the quantum entanglement running away. And in
this case, the concurrence has a simpler expression which reads CRWA = 2 |ρ23| [9], so
that it reaches zero only at several individual time points. In other words, the ESD will
never occur. Therefore, the dynamic effect of the CR interaction is revealed: it makes
entanglement decrease more violently and end within finite time.
Secondly, we demonstrate the significant roles of the intense bath disturbance on
the preservation of entanglement by the comparison of the exact on-disturbance results
(Figs. 5 (b) and (e)) with the off-disturbance results (Figs. 5 (a) and (d)). In Fig. 5
(a), the concurrence of the dark state at Θ = 3pi/2 keeps at 1, for the present set
of parameter α1 = α2 = 1/
√
2 satisfies the dark-state-existing condition Eq. (19),
so that the subradiant state |ψ−〉 which corresponds to Θ = 3pi/2 does not evolve.
While for the superradiant state Θ = pi/2, its concurrence decays very quickly down
to zero at ω0t ≈ 15 and undergoes the ESD. The same phenomenon also happens in
Fig. 5 (d), where the ESD phenomenon appears near at the same time. On the other
hand, the intense bath disturbance successfully keeps the concurrence from falling to
zero. Even at ω0t = 30 the concurrence in both Figs. 5 (b) and (e) maintain at a high
level. It means the intense bath disturbance saves the quantum entanglement. In the
previous discussion, we know the intense bath disturbance attaches a large inertia to
the bath, restraining its excitation, so that the bath can hardly receive the stimulation
from the decay of the qubits. This mechanism modifies the spectrum of the bath,
reducing the intensity of the spectrum. Thus, the spin-boson interaction is lowered, so
that the information in the qubits is prevented from leaking to the bath. As a result,
the quantum entanglement is well preserved by the intense bath disturbance.
To reveal the effect of the intense bath disturbance in off-resonance case, we present
the evolution of concurrence in Fig. 6 for different values of ∆/ω0, in which the initial
state is chosen as the superradiant state Θ = pi/2 when α1 = α2 = 1/
√
2. The
corresponding resonance case has been shown in Fig. 5 (a). We can see in Figs. 6 (a)-
(d) that the concurrence in the off-disturbance case (blue lines) decays quickly down
to zero at ω0t ≈ 15 in each off-resonance case and undergoes the ESD phenomenon.
On the other hand, the concurrence in the on-disturbance case (green lines) maintains
at a finite level in each case. It means the detuning between qubit and cavity does not
help save the entanglement, while the effect of the intense bath disturbance saves it.
Actually, the evolution cannot be simply described by an exponential decay with the
rate proportional to JR (∆). We can see from Eq. (25) that the evolution is mainly
dominated by the heights of the Lorentzian peaks η± rather than the central frequencies
ω±. Since the intense disturbance reduces the spin-boson interaction gη±, the quantum
entanglement is better preserved in the qubits for both the resonance and off-resonance
cases.
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Fig. 6 (Color online). Concurrence as functions of time t for ∆/ω0 = 0.75 (a), ∆/ω0 = 1.25
(b), ∆/ω0 = 1.5 (c) and ∆/ω0 = 1.75 (d), with initial superradiant state |ψ+〉 and α1 = α2 =
1/
√
2. The blue and green lines denote the off-disturbance (OFF) and on-disturbance (ON)
results, respectively. Parameters g, I, Γ,Ω are the same ones in Fig. 5.
3.3 Survival probability
Survival probability is another significant quantity [9,10], which measures how much
the origin quantum information remains, defined as
P (t) = |〈ψ (0) |ψ (t)〉|2 . (28)
It is a simpler dynamic magnitude and independent of the density operator. Its expres-
sion is also derived in Appendix B: for the off-disturbance case, it is given by
P (t) =
∣∣∣〈ψS0a| exp(−iH˜SBt− Γa†at) |ψS0a〉∣∣∣2 ; (29)
while for the on-disturbance case, it is straightforwardly extended to
P (t) =
∣∣∣∣∣〈ψS0+0−| exp
(
−iH˜t−
∑
r=±
Γra
†
rart
)
|ψS0+0−〉
∣∣∣∣∣
2
. (30)
The numerical results of P (t) in resonance case (∆ = ω0) are presented in Fig.
7 for the same two sets of αj in Fig. 5 with the corresponding superradiant states
(Figs. 7 (a) and (c)) and subradiant states (Figs. 7 (b) and (d)), in which the off-
disturbance, on-disturbance and RWA cases are shown for comparison. The probability
of the superradiant state is well preserved by the intense bath disturbance. In Figs. 7 (a)
and (c), the P (t) of the off-disturbance and RWA results decay to almost zero at ω0t =
30, while the on-disturbance results maintain about 50%. Just like the concurrence,
the preservation of the survival probability also arises from the reduced spin-boson
interaction. In Fig. 7 (b), all the results have no time evolution because the dark
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state condition Eq. (19) is satisfied. However, in Fig. 7 (d) the off-disturbance and
on-disturbance evolutions decay in comparison with the static RWA result P (t) = 1.
These results verify the previous analysis that dark state only exists in the condition
Eq. (19), which results from the effect of the CR interaction.
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Fig. 7 (Color online). Survival probability as functions of time t for α1 = α2 = 1/
√
2 with
initial superradiant state |ψ+〉 (a) and subradiant state |ψ−〉 (b). Survival probability for
α1 = 1, α2 = 0 with initial superradiant state |ψ+〉 (c) and subradiant state |ψ−〉 (d). The
blue, green and red lines denote the off-disturbance (OFF), on-disturbance (ON) and RWA
results, respectively. Parameters ∆, g, I, Γ,Ω are the same ones in Fig. 5.
The evolution of survival probability in off-resonance case is presented in Fig. 8 for
different values of ∆/ω0, in which the initial state is chosen as the superradiant state
Θ = pi/2 when α1 = α2 = 1/
√
2. The corresponding resonance case has been shown
in Fig. 7 (a). Fig. 8 shows that the survival probability in the off-resonance cases is
enhanced at a high level by the intense bath disturbance. It indicates that the detuning
between the qubits and cavity does not change the evolution qualitatively, while the
intense bath disturbance can suppress the decay of survival probability. The reason
is that the decay process is mainly dominated by the coupling constants gη± rather
than free frequencies ω±. Since the spin-boson coupling is reduced by the intense bath
disturbance, the quantum information is better preserved in the qubits, no matter for
the resonance or off-resonance case. Therefore, the detuning effect can be excluded in
the protection of quantum information.
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Fig. 8 (Color online). Survival probability as functions of time t for ∆/ω0 = 0.75 (a), ∆/ω0 =
1.25 (b), ∆/ω0 = 1.5 (c) and ∆/ω0 = 1.75 (d), with initial superradiant state |ψ+〉 and α1 =
α2 = 1/
√
2. The blue and green lines denote the off-disturbance (OFF) and on-disturbance
(ON) results, respectively. Parameters g, I, Γ,Ω are the same ones in Fig. 6.
4 Conclusions
In summary, we propose a scheme based on reservoir engineering to protect the initial
quantum information and entanglement, in which the Lorentzian bath is supposed to be
intensely disturbed by harmonic oscillators through a quadratic coupling. The intense
bath disturbance engineers both the vacuum of bath and its excitation, which may
intrinsically change the time evolution of the system. We calculate the time evolution
of the qubits from the initially state |ψS〉⊗|0R〉, to compare with that from |ψS〉⊗|0B〉.
It is revealed qualitatively that the intense bath disturbance increases the inertia of
the bath, restraining the cavity modes in the response to the stimulation of qubits
decaying. Meanwhile, the modified spectrum of the bath, resulting from the increase
of the bath inertia, is obtained by the diagonalization. And it is found quantitatively
that the intensity of the spectrum is lowered by the intense bath disturbance, which
means the qubit-reservoir interaction is reduced. Therefore, the quantum information
and entanglement stored in the qubits are prevented from leaking to the environment.
The discussed effect has a potential value of application in quantum computation.
The exact master equation with Lorentzian spectrum is given to solve the time
evolution of the qubits in both the off-disturbance and on-disturbance cases, in which
the multi-modes are converted to one and two pseudo modes, respectively. The effect
of the intense bath disturbance is manifested in the resonance case, since the on-
disturbance evolutions of both survival probability and concurrence decay much more
slowly than those in the off-disturbance case, which means the quantum information
and entanglement are well preserved by the intense bath disturbance. Furthermore, the
dynamical effects of the CR interaction are also investigated in the comparison of the
off-disturbance evolution and the RWA results. The CR interaction is found to change
the existing condition of dark state, to accelerate the dissipation, and to cause the ESD.
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Finally, the evolution of the concurrence and survival probability are also shown for the
off-resonance cases. The off-disturbance results still decay rapidly, which excludes the
effect of detuning in coherence protection. And the on-disturbance results decay much
more slowly, which means the intense bath disturbance is also helpful to preserve the
quantum information and entanglement in the off-resonance cases. Besides, the master
equation Eq. (23) introduced here will prove useful in treating the properties of certain
complicated models, in particular in the context of time-dependent Hamiltonian.
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A Derivation of the modified spectrum
We derive the modified spectrum Eq. (14) by Green’s function method. Firstly we regard the
diagonalized Hamiltonian Eq. (11) as total Hamiltonian, which reads
HR = HA +HB +HC =
∑
k
ωkc
†
k
ck, (31)
HA =
N∑
n=1
(
p2n
2m
+
mΩ2q2n
2
)
, (32)
HB =
∑
k
ωkb
†
k
bk, (33)
HC = Pφ+
I
2
φ2, (34)
with P =
√
W/m
∑
n
pn and φ =
√
2
∑
k
µk
(
bk + b
†
k
)
=
√
2
∑
k
νk
(
ck + c
†
k
)
. HA is the free
Hamiltonian of apparatus. Then we regard H0 = HA +HB as the total free Hamiltonian and
HC as the interaction part. Any operator Q in interaction picture (denoted by superscript “I”)
and Heisenberg picture (denoted by superscript “H”) has the corresponding form
QI (t) = exp (iH0t)Q exp (−iH0t) , (35)
QH (t) = exp (iHRt)Q exp (−iHRt) . (36)
Next, we define Green’s functions
iGA
(
t− t′) = 〈0A| Tˆ
{
P I (t)P I
(
t′
)} |0A〉 , (37)
iGB
(
t− t′) = 〈0B | Tˆ
{
φI (t)φI
(
t′
)} |0B〉 , (38)
iGR
(
t− t′) = 〈0R| Tˆ
{
φH (t)φH
(
t′
)} |0R〉 , (39)
where
∣∣0A,B,R〉 is the vacuum state of HA,B,R, respectively. Tˆ is time-ordering operator. The
Green’s function GB,R (ω) contains the complete information of spectrum JB,R (ω), respec-
tively. Actually, the relation between them can be got from their definitions, which are given
by
GB,R (ω) = −2
ˆ +∞
−∞
(
JB,R (z)
z − ω − i0+ +
JB,R (z)
z + ω − i0+
)
dz, (40)
JB,R (ω) = −
θ (ω)
2pi
ImGB,R (ω) , (41)
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where GA,B,R (ω) =
´+∞
−∞
GA,B,R (t) exp (iωt) dt is the Fourier transformation of GA,B,R (t),
respectively. As long as GR is expressed by GA and GB , we get JR (ω) immediately.
Using Gell-Mann-Low theorem, we give [29]
iGR
(
t− t′) =
∞∑
l=0
1
il
´+∞
−∞
dt1 · · · dtl 〈0B0A| Tˆ
{
HI
C
(t1) · · ·HIC (tl)φI (t)φI (t′)
} |0B0A〉
∞∑
l=0
1
il
´+∞
−∞
dt1 · · · dtl 〈0B0A| Tˆ
{
HI
C
(t1) · · ·HIC (tl)
} |0B0A〉
.
(42)
Applying Wick’s theorem and drawing Feynman diagrams, we arrive at Dyson equation
GR (ω)
−1 = GB (ω)
−1 −Σ (ω) . (43)
Due to the quadratic interaction Eq. (34), it is easy to write down the self-energy
Σ (t− τ) = GA (t− τ) + Iδ (t − τ) , (44)
in which GA is got from its definition Eq. (37),
GA (ω) =
IΩ2
ω2 −Ω2 + i0+ . (45)
Inserting the original spectrum Eq. (6) into Eq. (40), we get
GB (ω) =
4ω0
ω2 − ω20 + 2iΓ |ω|
. (46)
Then substituting these results to Eq. (43) and (44), we get the Green’s function
GR (ω) =
4ω0
ω2 − ω20 − 4Iω0ω
2
ω2−Ω2
+ 2iΓ |ω|
. (47)
Substituting it back to Eq. (41), we solve the final spectrum which is given by
JR (ω) =
2ω0
pi
2Γωθ (ω)(
ω2 − ω20 − 4Iω0ω
2
ω2−Ω2
)2
+ (2Γω)2
. (48)
It is noticeable from Eq. (44) and (45) that the self-energy of the cavity field is proportional
to the coupling intensity I, which means the intense bath disturbance added to the cavity
increases the inertia of the cavity.
B Exact reduced density operator and survival probability
We derive the master equation Eq. (23) here with the help of Lorentzian spectrum to give the
exact evolution of the reduced density operator. Actually, Lorentzian spectrum results from
the re-expression of the annihilation operator a =
∑
k
µkbk after the diagonalization [24]:
HB = ω0a
†a+
ˆ +∞
−∞
ωd (ω)† d (ω) dω +
[
a
ˆ +∞
−∞
√
Γ/pid (ω)† dω + h.c.
]
=
∑
k
ωkb
†
k
bk, (49)
in which [d (ω) , d (ω′)] =
[
d (ω)† , d (ω′)†
]
= 0 and
[
d (ω) , d (ω′)†
]
= δ (ω − ω′). HB consists of
three parts, a single mode, white noise and their rotating-wave coupling. Using this expression
before the diagonalization, the spin-boson Hamiltonian becomes
HSB = H˜SB +
ˆ +∞
−∞
ωd (ω)† d (ω) dω + aζ− + a
†ζ+, (50)
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with H˜SB defined in Eq. (24), dissipative field operators ζ+ =
√
Γ/pi
´+∞
−∞
d (ω) dω and ζ− =
ζ†+. Regarding V = aζ− + a
†ζ+ as the interaction part and turning to interaction picture, we
get the correlation function [
ζI+ (t) , ζ
I
−
(
t′
)]
= 2Γδ
(
t− t′) . (51)
This instant correlation leads to Markovian dynamics, as will show in the following.
The density operator in interaction picture ρI (t) satisfies the well-known master equation
[20]
dρI (t)
dt
=
1
i
[
V I (t) , ρ (0)
]
−
ˆ t
0
dt′
[
V I (t) ,
[
V I
(
t′
)
, ρI
(
t′
)]]
. (52)
Since |0B〉 = |0a〉 ⊗ |0D〉 (|0D〉 is the vacuum state ζ+ |0D〉 = 0), the initial density operator
is given by
ρ (0) = |ψS〉 〈ψS | ⊗ |0a〉 〈0a| ⊗ |0D〉 〈0D | . (53)
After taking trace over the dissipative field trD , we get
dρ˜I (t)
dt
= −
ˆ t
0
dt′trD
[
V I (t) V I
(
t′
)
ρI
(
t′
)− V I (t) ρI (t′)V I (t′)]− h.c., (54)
in which ρ˜I = trDρ
I . Considering the instant correlation Eq. (51), for t > t′ one easily gets[
ζI+ (t) , U
(
t′, 0
)]
= 0, (55)
in which U (t′, 0) is the evolution operator
U
(
t′, 0
)
=
∞∑
l=0
1
il
ˆ t′
0
dt1V
I (t1)
ˆ t1
0
dt2V
I (t2) · · ·
ˆ tl−1
0
dtlV
I (tl) . (56)
Eq. (55) means the dissipative field operator can pass through the evolution operator so that
it directly operates on the initial vacuum state, giving zero, namely,
ζI+ (t) ρ
I
(
t′
)
= ρI
(
t′
)
ζI− (t) = 0. (57)
For the case t = t′, ζI+ (t) ρ
I (t′) and ρI (t′) ζI− (t) are finite and negligible in integral. Applying
the special property Eq. (57), we simplify the following terms in Eq. (54)
trDV
I (t)V I
(
t′
)
ρI
(
t′
)
= 2Γδ
(
t− t′) aI (t)† aI (t′) ρ˜I (t′) , (58)
trDV
I (t) ρI
(
t′
)
V I
(
t′
)
= 2Γδ
(
t− t′) aI (t) ρ˜I (t′) aI (t′)† , (59)
so that Eq. (54) becomes a memoryless equation (Markovian process) which reads
dρ˜I (t)
dt
= −Γ
[
aI (t)† aI (t) ρ˜I (t)− aI (t) ρ˜I (t) aI (t)†
]
− h.c.. (60)
Coming back to the Schrödinger’s picture, the master equation becomes
dρ˜ (t)
dt
=
1
i
[
H˜SB, ρ˜ (t)
]
− Γ
[
a†aρ˜ (t) + ρ˜ (t) a†a− 2aρ˜ (t) a†
]
. (61)
The reduced density operator is given by ρS (t) = traρ˜ (t).
Then we yield the evolution of the survival probability Eq. (29) here. We define p (t) =
〈0D | ρ (t) |0D〉 and repeat the deduction from Eq. (54) to (61) with the replacement trD →
〈0D | · · · |0D〉, obtaining a similar result
dp (t)
dt
=
1
i
[
H˜SB, p (t)
]
− Γ
[
a†ap (t) + p (t) a†a
]
. (62)
Its analytical solution is
p (t) = exp
(
iH˜SBt− Γa†at
)
p (0) exp
(
−iH˜SBt− Γa†at
)
. (63)
Finally the survival probability is given by
P (t) = 〈ψS0a| p (t) |ψS0a〉 =
∣∣∣〈ψS0a| exp
(
−iH˜SBt− Γa†at
)
|ψS0a〉
∣∣∣2 . (64)
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